Understanding the effects of weeds through competitive interactions on crop 47 plants has concerned agroecologists since the work of de Wit and colleagues in the 48 1960s.
1 However, most investigations have focused upon the interaction between the crop 49 and a single weed. 2 In reality, competitive interactions in communities are diffuse 50 involving multiple interactions among several species. 3 The composition of the weed 51 F o r P e e r R e v i e w 3 community is sensitive to the management conditions under which a crop is grown, 4 and 52 can have a significant effect on the crop that transcends the effect of a single dominant 53 weed. 5 The interactions among the multiple species of a weed community are likely non-54 additive because the effects of all the species in a community is more than simply the 55 sum of individual pairwise interactions. 6 There is, indeed, a high degree of 56 unpredictability of the outcome of multispecies competitive interactions 7 that can lead to 57 uncertainty in making the correct weed management decisions. The implication of non-58 additivitity and diffuse competition in crop-weed systems is that crop yield loss can arise 59 from the complex interactions among the different species of the weed community rather 60 than simply the overriding effect of a single, dominant weed or the additive combination 61 of a mixture of weeds. 62
Soybean (Glycine max (L.) Merr.) is one of the most widely planted and 63 economically important annual crops in North America. 8 Extensive soybean yield losses 64 can occur from weed competition 9 and consequently, herbicides were applied to 98% of 65 the soybean production areas in the United Stated in 2005 . 10 Yield loss can occur 66 following multispecies interference from some weeds, e.g., pigweed (Amaranthus L. 67 spp.) and barnyard grass (Echinochloa crus-galli (L.) Beauv.).
11 Economic thresholds for 68 weed control in response suites of weeds have been developed, 12 but the decision-support 69 software is based upon simple additive models. 13 In addition, most weed control efforts 70 in soybean are directed at understanding yield loss, and not necessarily seed quality, i.e., 71 the seed oil and protein content. Seed quality is an increasingly important parameter in 72 determining the economic value and return from soybean 14 . There is a need to better 73 understand the multispecies nature of the weed community in soybean fields and the 74 F o r P e e r R e v i e w 4 extent to which they are related to both yield and seed quality. We report here on two 75 experiments conducted to assess the relationship between multispecies weed 76 communities and soybean yield and seed quality. We show significant yield and seed 77 quality losses related to a suite of weeds viewed as the whole community. 78
79

MATERIALS AND METHODS
81
Two parallel experiments were established in 2005, both in soybean fields. The 82 two experiments allowed us to assess the effect of comparable weed communities one 83 sown experimentally (the mesocosm experiment) and the other (the natural experiment) 84 arising entirely through volunteer establishment on crop yield and quality. In the 85 mesocosm experiment, three target weeds common waterhemp (Amaranthus rudis J. 86 Sauer), giant ragweed (Ambrosia trifida L.) and giant foxtail (Setaria faberi F. Herrm) 87
were sown experimentally to obtain plots with a range of weed densities. In the natural 88 experiment, the same target weeds were allowed to volunteer into a soybean field and 89 plots were located that would include the full range of weed densities planted in the 90 mesocosm experiment. 91
92
The mesocosm experiment 93 94
The experiment was established in a 0.3 ha agricultural field (37º70' N, 89º23' 95 W) at the Southern Illinois University, Agronomy Research Center, Carbondale, IL, 96 USA. The field site was previously used for agronomic crop production with intensive 97 weed management practices to reduce indigenous weed infestations. Furthermore, the 98 weed species investigated in this research were not common to the site. Soybean Data were collected during four surveys of the plots in both experiments on June 140 8, August 1 -3, September 17, and October 7 -30 from the mesocosm, and June 17, July 141 26-27, September 10-11, and October 23-25 from the natural experiment. The first three 142 survey dates corresponded to soybean growth stages of V2-V3, R2-R3, and R6, and the 143 final date was a final harvest when the soybean pods were mature. 144
Canopy cover of all vascular plant species in each plot was estimated using a 7-145 point modified Daubenmire scale 17 for the first three surveys. The mid-point of each 146 cover class was used in subsequent analyses. Soybean and target weed density estimates 147 were determined by counting stems in two 0.5 m 2 quadrats that were randomly located 148 for the first survey within each plot. The corners of the quadrats were marked with wire 149 Percent water, oil, and protein was determined from whole seed samples using a Zeltex 165 ZX-50 portable grain analyzer (Zeltex, Inc., Hagerstown, Maryland). 166
168
Data analyses 169
A multivariate approach was used to quantify the relationship between the weed 170 community and soybean seed yield and quality. 18 Canopy cover data from the two 171 experiments were analyzed using non-metric dimensional scaling NMDS:
19 , a non-172 parametric ordination method that has been shown to be a robust technique for 
RESULTS
226 227
Crop yield and quality 228
In the mesocosm plots, soybean yield was 538.0 ± 54.0 kg ha -1 (n = 114; 543.0 ± 229 54.0 kg ha -1 in 11 plots planted as soybean monocultures), mean one-hundred seed 230 weight was 10.0 ± 0.3 g (n = 103), water content 5.1 ± 0.1 %, protein content 40.2 ± 0.2 231 % and oil content 21.5 ± 0.1 % (n = 93 for water, protein and oil content). 232
In the natural experiment, soybean yield was 694.0 ± 46.0 kg ha -1 (n = 68), mean 233 one-hundred seed weight was 12.8 ± 0.1 g (n = 65), water content 5.2 ± 0.1 %, protein 234 content 39.1 ± 0.1 % and oil content 22.5 ± 0.1 % (n = 68 for water, protein and oil 235 content). 236
237
Mesocosm experiment 238
The planted weeds dominated the weed flora in the mesocosm plots with 239
Ambrosia trifida having the highest abundance and Setaria faberi being most frequent 240 (Table 1 ). The mean number of species per plot, including soybean, ranged from 4 to 7.2 241 over the three surveys, with 24 volunteer weeds colonizing the plots. Some of the 242 volunteer weeds were common (e.g., Mollugo verticillata L.100% at survey 1, Ipomoea 243 hederacea (L.) Jacq. 55% at surveys 1 and 2) with four achieving 37.5% canopy cover in 244 at least one plot (i.e., Cyperus esculentus L., Cardamine parviflora L., Digitaria 245
There was a strong relationship between the weed community and sample date, 247 with time being a significant discriminating variable among groups of plots especially 248 including protein content at survey 2 (r = 0.36, p = 0.012, n = 88) and one-hundred seed 296 weight at survey 1 (r = 0.39, p = 002, n = 103). Similarly, an NMDS ordination restricted 297 to only the planted weeds (3-dimensional NMDS solution, stress = 0.09) was related 298 significantly to one-hundred seed weight (r = 0.37, p < 0.0001, n = 296) and total yield (r 299 = 0.42, p < 0.0001, n = 329), but not seed oil or protein content. 300 301
Natural experiment 302
The target weeds dominated the weed communities that volunteered into the 303 natural experiment with A. trifida having the highest canopy cover, exceeding that of the 304 crop, and occurring in 100% of the plots (Table 3 ). The mean number of species per plot, 305 including soybean, ranged from 5.1 to 6.9 over the three time periods, with 20 unplanted 306 weeds colonizing the plots. In addition to the three target weeds, Ipomoea hederacea, 307
Abutilon theophrastii Medic, and Panicum dichotomiflorum Michx. occurred in > 50% of 308 the plots during at least one survey, with Amaranthus retroflexus L. reaching 15% canopy 309 cover in at least one plot. 310
There was a strong relationship between the weed community and sample date, and the structure of the ordination strongly reflected survey date (Fig 4, Table 4 ). The 321 centroids of the distributions of the three target weeds were centrally located in the 322 ordination (Fig 5) . A group of early season volunteer weeds characterized plots at survey 323 1, including Amaranthus retroflexus, Cyperus esculentus, Ampelamus albidus (Nutt.) 324
Britt., and Sida spinosa with a different suite of species characterizing the plots later in 325 the season including Persicaria pensylvanicum, Xanthium strumarium, Hordeum pusilum 326
Nutt., and Panicum dichotomiflorum, and (Table 3 to occur, allowing their planting densities to be controlled. The natural experiment was 361 conducted at a site that had a prior history of high abundance of these three weeds so that 362 they would naturally infest the crop. The target weeds dominated the plots as expected, 363 and soybean seed yield and quality was significantly related to their abundance, 364 especially A. trifida (the quantitative nature of this relationship will be reported 365 Variation in soybean seed quality affects its economic value as a crop.
14 Both seed 368 protein and oil content can vary among cultivars and in response to environmental 369 conditions.
25-27 Seed protein content varies more than seed oil content, although the two 370 are inversely related to each other. 28 Our experiments showed a relationship between seed 371 protein content and the weed community, but no relationship to seed oil content. 372
Numerous studies with a variety of crops and weed species have clearly established that 373 increasing competition negatively impacts yields. 29 However, the impact of weed 374 competition upon seed quality (i.e. protein and oil content) has not been extensively 375 studied. Previous research with soybean has demonstrated that the protein content of soy 376 seeds was unaffected by altered densities of the weedy species Trianthema 377 portulacastrum L. 30 However, in the legume Lathyrus sativus L., protein content did 378 increase within plots containing a mixture of weedy species (i.e. Chenopodium album L., 379
Avena fatua L. and Setaria viridis (L.) P. Beauv.), and the increase was attributed to 380 decreased seed size (i.e. dry matter content). 31 In the experiments described here, the 381 protein content of soybean seeds was altered in both mixed species competition and 382 single species competition. Protein content increased under high weed density conditions 383 with both Amaranthus rudis and Setaria faberi, while decreasing under high weed 384 density conditions with Ambrosia trifida (Figures 2,3,5 & 6) . 385
Results of the mesocosm experiment suggested that soybean yield was most 386 closely related to the abundance of the target weeds (planted density and evenness: Fig  387   3) , whereas seed quality, specifically protein content, was related to the composition of 388 weeds and so might be expected to reduce soybean yield. That the community of less 390 abundant volunteers was also related to soybean seed quality suggests a more subtle 391 relationship with the soybean plants than that exerted by the target weeds in reducing 392
yield. There appears to be a diversity/synergy interaction among members of the weed 393 community affecting soybean. 32 Vectors for planting densities of the three target weeds were also significant and aligned in the same direction as those for sown proportions.
2. Vector for protein at survey 1, R = 0.27, P = 0.09, n = 93 was aligned close to this composite vector.
3. Vectors for soybean final density were also significant for surveys 1 -3 and were closely aligned to that of the composite vector shown.
4. Vectors for separate surveys were also significant with the composite vectors aligned close to those from survey 3 for Soybean total yield and survey 2 for soybean standing crop final biomass and 100-seed-weight, respectively. Table 4 Correlations (R) and probability (P) of significant environmental vectors with 2-dimensional NMDS ordination of weed species cover data from the natural experiment. 
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